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Pi

NOMENCLATURE
cross-sectional area of the opening of the vessel, ft?
modified cavitation number, dimensionless
diameter or equivalent diameter, ft
Euler number, dimensionless

acceleration of gravity, ft/se'::Z
conversion factor, 32.2 (1bmft)/(1bf sec?)
head of fluid, ft

length of tube, ft

local pressure, 1bf/f’(:Z

exit pressure, lbf/f‘cz

back pressure, 1bf/ft2

initial pressure of fluid inside the vessel at the level
of the exit, lbs/ft?

discharge rate of fluid, ft3/sec

average velocity of the fluid in the vessel flowing out,
ft/sec

pressure difference, Pj-P¢ for two-phase flow,
Pi-Py, for single-phase flow, lbf/ftZ

density of the fluid, lby,/ft3

initial density of the saturated or subcooled fluid in
the vessel, lbm/ft3
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A STUDY OF THE FLOW OF SATURATED FREON-11
THROUGH APERTURES AND SHORT TUBES

by

Hans K. Fauske and Tony C. Min

ABSTRACT

An experimental study on the discharge rates of satu-
rated and subcooled Freon-11 through apertures and short
tubes is reported. The experiment covered a range of modi-
fied cavitation numbers between 0 and 500, length -to-diameter
ratios of small diameter tubes between 2 and 55, and sharp-
edge apertures of nine different geometric configurations.

It was found that below the modified cavitation number
of 10 the fluid exhibits completely metastable single-phase
flow. When the modified cavitation number exceeds 14, two-
phase critical flow may exist. In the range of modified cavi-
tation numbers between 10 and 14, unstable transitional flow
occurs (alternating single- and two -phase flow).

Euler numbers for the apertures of various configura-
tions, including square, rectangular, and eye-shaped, were
found to bein the same order of magnitude as those for circu-
lar shapes. The triangular orifices were found to possess
higher Euler numbers and the W-shaped orifices lower than
the circular ones.

I. INTRODUCTION

An upsurge of interest has recently taken place in order to clarify
the many problems associated with various containment systems for nu-
clear reactors. One of the most valuable tools that a containment designer
can possess is a method for predicting accurately the rate of release of
coolant under a variety of prototype conditions. To obtain such a tool would
involve basic studies of flow of saturated fluids through various sizes of
pipes, ducts, apertures, etc., going from high- to low-pressure systems,
and including steady-state as well as highly transient flows. This problem
becomes naturally tied to a phenomenon called critical flow.

Much experimental work regarding the critical phenomenon in cir-
cular flow passages of considerable lengths (>10 in.) has appeared in the
past ten years. 1= Experimental data of basic value exist, however,
only up to about 400 psia (critical pressure).



LISMOBR T 0N TARU TS
AU T THOHE TR

Al O sl BAS SAeUS

[ DAFTESA

< wnihdmib sdf noighlle is3ngee
Biraas decosdi LIS nOeed bsim&s#ﬂ-
E faaduyegus adl .8
Laail Assvsisd stodrans o
aa i ded :r-wdm 'xsron'ts'ib £h

SR e
ons b
EDOT 15 5EIAT &

o coralives babiiboms ot wolad Teds DAVOL Gl
I8 3

PEEG. plgnis SIOEIASIONE ¥ £ :
caw) bl-absaows sadauin-aciteiivss bsitihom .axﬁ-na’#
L s’ vain woll ISTHe
fis 13w3a(‘ a';adxm.

T e bni‘:f_;gv‘ Y- Pt
wolt argiiieasn?

SEfuaiines egDITAY 10 eSS
Syev Begsde-ovs bns (ralupaddses SInFPe-gn shﬂm m
y in 1shad oinsa aal nf ad o2
rawr wasiiiie tlESasle ol Iw%ﬁ

mEat rawol ssoflito bagsda-W o Bgs saodnin. 1S igid
oo 15kl

o B e gy S BES (L o8

DUCOSTHY 1

asds 2o nlsy rebre SN0 BE .
& algy y 5 uniicihesg ol hodisar & ak
B 1 1G O $ s tatong 16 FI9ITEV B w
55 sorit-sh I Bk ise o wol¥ e asibie M

R gid ol gurog .. 018 KETUTTONS SINND.
T e
51 nonscronsds & BE Do CElasmk |

reWa be ks [Ev = p 5 a,,J;x‘.ym‘n,ﬂ
: E Fis ovend nej &
508 na)m



A theoretical model has been presented that shows substantial agree -
ment with these data.(1) As to the flow of saturated fluid through an aperture
and short tube, some related experimental investigations are available,(s’g)
but the results are not sufficient to develop the necessary criteria for deter-
mining single -phase and two-phase flow regimes. Simpson and Silver(10)
recently proposed a homogeneous nonequilibrium flow model to describe the
saturated or supersaturated fluid through ducts. Another theoretical paper
by Isbin and Gavalas(11) proposes a two-phase metastable or a two-phase
growing -bubble homogeneous model for describing flow through an aperture.

However, the fundamentals upon which these models are formed may
not simulate the actual physical process. It is strongly believed that critical
flows in straight tubes of considerable lengths differ significantly from the
flow from a sudden break in the vessel containing highly pressurized satu-
rated fluid. This last example may be a more realistic picture of what might
happen in a nuclear reactor assembly in the case of an accident. The de-
pendence of critical flow rates from different shaped flow passages is at
present not clear. Perhaps the most important question to clarify is, "does
one obtain critical flow when a sudden break in the cooling system of a re-
actor occurs?" If so, to what extent? Is the fluid leaving the break in phys-
ical equilibrium, or completely or partially metastable? This is very
important inasmuch as the flow rate is very sensitive to the compressibility
of the fluid, which is determined by the above phenomenon.

In order to throw some light on these various existing uncertainties,
an extensive program hasbeen initiated at Argonne National Laboratory. In
this report is shown how answers to some of these questions can be obtained
from a basic and simple laboratory experiment.

II. EXPERIMENTAL EQUIPMENT

The test apparatus used in these experiments consisted of a vessel,
test section, vacuum pump, and a condenser (see Figs. 1 and 2). A rectan-
gular vessel, 8 x 12 x 33 in., was made of %-in.-thick Lucite plates. At the
top of the vessel a pressure gauge and a vent, and at the bottom a drain
pipe with a valve, were provided. The vessel was connected to the pump
through a 2-in.-ID Pyrex tube after a 90° turn. The test section was located
between two Lucite flanges, one connected to an opening, 3 in. in diameter,
in a wall of the vessel and the other to the Pyrex tube.

In the tests of apertures, the test sections were Lucite disks having
apertures of various rupture configurations in the center. Samples of
these are shown in Fig. 3. The short tubes shown in Fig. 4 were made of
stainless steel and were threaded to the center of the Lucite disks to re-
place the aperture in the case of tests of short tubes. The outlet end of
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Fig. 3. View of the Test Apertures
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Fig. 4. View of the Test Tubes






each test tube was carefully filed to provide a plane, sharp cross section.

A pressure tap of ('6’121"1“' diameter) was installed a half-pipe diameter

from the outlet of each test section. In one of the Lucite flanges concentric
tubings were run through so that exit pressure could be measured, by means
of the pressure taps installed in the test section and back pressure, by the
connection to a manometer.

The vacuum pump was a volumetric displacement type with sliding
vanes and had a capacity of about 29 in. Hg under normal operating
conditions.

The condenser was a right circular cylindrical container of 3 -in.-
thick Lucite sheet. The inlet was connected by flexible plastic hose to the
outlet of the vacuum pump. Dry ice, used as a condensing medium, was
placed in a perforated metal tray hanging over the upper portion of the
condenser. The condensate was returned by gravity from the bottom of
the condenser through a -é—-in.-ID pipe to the vessel.

1II. TEST PROCEDURE
Freon-11 was selected as the working fluid for the following reasons:

1. Refrigerant-11 boils at a temperature slightly above room tem-
perature at atmospheric pressure. This means that a slight reduction in
pressure will produce a saturated or supersaturated fluid without adding
heat to the system.

28 As it is a recognized heat transfer medium in commercial use,
many thermodynamic properties are tabulated.

85 It is nontoxic, noninflammable, and odorless.
4. It is water white in color, facilitating photographic studies.
5. It is easily available and not too expensive.

The saturated or nearly saturated Freon-11 was poured into the
vessel to about two-thirds full, and dry ice was filled into the top part of
the condenser. The vacuum pump was started and, when steady state was
reached (that is, a constant discharge rate), the temperature of the liquid
Freon-11 in the vessel, initial pressure, exit pressure, back pressure,
volume displacement rate of Freon-11 in the vessel, and visual observa-
tions of the fluid behavior were recorded. The temperature of the liquid
Freon-11 was sensed by a 30-gauge iron-constantan thermocouple im-
mersed in the liquid at the level of the test section.

For measurement of flow rate, the use of orifice and rotameter were
found to be impractical, since calibration of two-phase flow for the former
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10

is difficult and boiling occurs around the floater and wall of the latter. It
was, therefore, decided to measure the volume displacement rate by
timing a displacement of about 0.08 ft> of liquid, or a drop in liquid level
of about 2 in., in most of the tests carried out. This corresponds to a
maximum change of 0.1 psi in initial upstream pressure during a run.
Since the vessel was open to atmosphere during operation, the upstream
pressure can, for all practical purposes, be considered constant. In a few
tests even smaller displacements were timed to check the steady-state
rate. This method was found sufficient for the accuracy required.

In order to check if critical flow occurred in some of the tube tests,
the back pressure was varied by partially closing the inlet valve of the
vacuum pump to see if any changes in exit pressure and volume displace-
ment rate occurred.

In the aperture tests, several runs with various back pressures were
made and corresponding flow rates and temperatures were measured.

IV. ANALYSIS OF DATA AND APPLICATION

Figure 5 shows flow rate versus pressure difference curves with
the length-to-diameter ratio as parameter for the data obtained on short
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tubes. Also in Fig. 5 are plotted the flow rates calculated from the orifice
flow equation with a discharge coefficient equal to 0.611. It is interesting
to note from Fig. 5 that for certain combinations between mass velocity,
pressure difference and length-to-diameter ratio the fluid behaves like a
single-phase incompressible fluid, although the local pressure is well be-
low the vapor pressure. The initiation of two-phase flow and, if back pres-
sure is low enough, critical flow can be seen from Fig. 5 to depend on G,
AP and L/D. It seems likely that to a first approximation, combinations of
G, AP and L/D would indicate the transition from single to two-phase flow.
The following dimensionless group was chosen to characterize this
transition.

ca = 2805 (1/D) (1)

This group will be termed the modified cavitation number. The
dimensionless group evaluated with initial density p;, initial velocity u,
pressure difference of initial and exit pressure, and length-to-diameter
ratio L/D are shown in Fig. 6. The significance of this group is that it
establishes a criterion for determining single-phase or two-phase flow
regimes in short tubes. As indicated in Fig. 6, for modified cavitation
number below 10, the fluid exhibits completely metastable single-phase
flow. When the modified cavitation number exceeds 14, two-phase flow
exists. In the range of Ca' between 10 and 14, unstable transitional flow
occurs. These conclusions from the obtained experimental data were veri-
fied by visual observations.

TRANSITIONAL
UNSTABLE

’»METASTABLE SINGLE -PHASE FLOW e TWO- PHASE FLOW

1 1 I 1 1 1
0 Z 4 6 8 10 14 16 lfi——=

Fig. 6. Correlation Number Determining the
Occurrence of Single- and Two-phase
Flow Regimes

In Fig. 7 the critical flow rate is plotted versus length-to-diameter
ratio for initial pressure equal to 15 psia. It can be seen that for the same
initial conditions the critical flow rate is increasing sharply for decreasing
length-to-diameter ratio. In most practical situations, the initial and back
pressure and L/D ratio of the tube are known. Therefore, if curves like
the one in Fig. 7 were available for a variety of initial conditions, one could
obtain a correlation for estimating the maximum flow rate. An experimental
program is under way to obtain such curves for steam-water for initial
pressures up to 2000 psia, and will appear in a later report.

1Ll
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1600
o P, =150 psia
$ 1400~ Py £ 7.5 psia
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; 1200 — Fig 7
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z Correlation of Flow Rate and Length-
S 1000
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= 800~
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For the tests of apertures, data are plotted in velocity against pres-
sure difference as in Fig. 8. It can be seen that the Euler numbers of
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square, rectangular, and eye -shaped apertures exhibit the same character -
istics as those of circular ones, but not the triangular and W-shaped ones.
The former seems to be associated with higher and the latter with lower
Euler numbers.

Hence, Fig. 8 becomes a useful tool in determining the rate of flow
of saturated or subcooled fluid through a known aperture configuration where
upstream pressure and temperature and back pressure are specified.

V. DISCUSSION
A. Aperture Tests

In the introduction, the following question was raised: "does one ob-
tain critical flow when a sudden break in a vessel containing saturated fluid
occurs?" A pressure drop is required for the fluid to go through the break
or opening. Hence, close to the break (inside the vessel) the vapor pressure
becomes higher than the corresponding local pressure, and one could spec-
ulate that flashing of the fluid will take place inside the break such that com-
pressibility is achieved and, hence, cause critical flow if the back pressure
is sufficiently low. However, this is not the case in this work. No bubble
formation seems to take place, and the fluid leaves the break as a super-
heated or completely metastable single-phase fluid and remains as a single-
phase jet up to 3 ft from the discharge hole. At this point the metastability
of the single-phase jet is disturbed either by hitting the before -mentioned
90° elbow or, due to gravity, the bottom surface of the expansion tube where
the fluid flashes instantaneously. It should be mentioned here that this por -
tion is very much cooled, due to the latent heat of vaporization of Freon-11,
whereas the portion of the expansion tube upstream of this point remains
fairly close to the room temperature. Maximum superheat of 40°F was
achieved in these liquid jets. Higher superheats could not be achieved due
to the capacity of the vacuum pump. A typical superheated liquid Freon-11
jet, formed from a circular aperture of %—in.-ID, is shown in Fig. 9.

In Fig. 10 a close-up view of the superheated liquid jet discharged
from an eye -shaped aperture is shown. Here '"the vena contracta e fErhe
discharged fluid can be readily observed. In all of the aperture configura-
tions utilized in this work similar single -phase superheat jets were obtained,
as shown in Figs. 9 and 10. It is, therefore, concluded that a saturated fluid
discharging through an aperture can be described with subcooled single -
phase fluid-flow theory. Furthermore, critical flow does not occur under
these conditions. The discharge flow rates become, therefore, naturally
much larger than one would have expected previous to this work.

In Fig. 8 it is noted that, for a fixed pressure difference, the Euler
numbers for triangular, rectangular, square, eye-shaped and W-shaped
apertures depend on area or equivalent diameters. The larger the diameter

1,5}
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Fig. 9. Photograph Showing the Discharged Fluid
from a Circular Aperture

Fig. 10. Photograph Showing the Discharged Fluid
from an Eye-shaped Aperture
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becomes, the smaller is the Euler number. This has previously been found
to be the case for circular sharp-edge orifices.(12) A similar conclusion
was mentioned for rectangular apertures. 11)

B. Short-tube Tests, Ca'< 14

For modified cavitation numbers below 10, the discharged fluid be -
haves like a single-phase jet. A typical example is shown in Fig. 11 for a
tube with L/D = 3. In this particular run the system possessed a modified
cavitation number of approximately 8. It is postulated that any modified
cavitation number below 10 will cause the discharge fluid (superheated) to
spring free of the sides of the tube. The tube will then function as an ori-

fice. (This is related to the phenomena called "vena contracta.")

Fig. 11. Photograph Showing the Discharged
Fluid from a Tube with L/D ~ 3 and
@S

For a modified cavitation number between 10 and 14, unstable
transitional flow occurs. In this range single- and two-phase flow occur
alternately. It is postulated here that the tube flows full at the exit and






that the contact time between wall and fluid may or may not be large enough
to cause flashing and, hence, produce a two-phase flow regime. It should
be mentioned here that the behavior of the fluid for this range of modified
cavitation numbers is strongly dependent upon how invariant the upstream
conditions can be maintained. Figure 12 shows a typical picture of a run in
a range of Ca' between 10 and 14. Vapor formation in the liquid jet is dis-
cernible at some instances.

Fig. 12. Photograph Showing the Discharged Fluid
from a Short Tube with a Modified Cavita -
tion Number between 10 and 14

Pasqua(9) showed in his data that, for a given pressure difference,
the larger the L/D ratio, the smaller is the coefficient of contraction. Also,
he indicated that the coefficient is inversely proportional to the pressure
difference. These statements were confirmed by our findings, as can be
seen in Fig. 5.

C. Short Tubes, Ca'> 14

For a modified cavitation number greater than 14, critical two-phase
flow can be achieved if the back pressure is sufficiently low. Figure 13
shows a typical picture of the discharged fluid when critical flow occurs.
As mentioned in the introduction, considerable amount of work has been de-
voted to studies of critical flow. Most of these studies have been made with
L/D ratios greater than 40.
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Fig. 13. Photograph Showing the Discharged Fluid
from a Short Tube when Critical Flow

@ccurs

In these earlier tests, a close approach to thermodynamic equilibrium
was believed achieved. The Fauske model,(l) based on equilibrium and in-
cluding slip, predicts these data rather well. This model was, therefore,
tested for the critical flow data obtained in this work. The data presented
ingEio b for L/D > 20 can be predicted with this model within * 10 per-
cent. As the L/D ratio decreases below 20, the deviation between this
separated flow model and the obtained data becomes larger and larger, the
predicted values being lower than those obtained. One contributing reason
to this is that the contact time is shorter for smaller L/D ratio so that the
departure from physical equilibrium is larger. This means that the actual
quality of the metastable two-phase flow is much smaller than the quality
calculated by assuming thermodynamic equilibrium. Since departure from
thermodynamic equilibrium is very difficult to include in a mathematical
model, the data were correlated in a restrictive manner as shown in Fig. 7.
It can, therefore, be concluded that, for L/D < 20, metastable two -phase
critical flow definitely occurs.

VI. CONCLUSIONS

The experiment covered a range of modified cavitation numbers be -
tween 0 and 500, and of length-to-diameter ratio between 2 and 55. Within
the limits of experimental precision, the following conclusions may be drawn:
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1. Saturated or nearly saturated Freon-11 discharged through
various apertures behaves like a single-phase incompressible fluid.

2. Apertures with an irregular configuration produce essentially
the same behavior as those of circular shapes, except for the triangular
and W-shaped ones. The triangular aperture yields higher, whereas the
W -shaped one yields lower, Euler numbers.

3. The modified cavitation number is a useful criterion for de-
termining when single- or two-phase flow regimes occur in short tubes.

4. The "critical" modified cavitation number is about 14.

5. A simple method to predict discharge rates from short tubes
is presented in Figs. 7 and 8.

6. For L/D > 20, the Fauske model can be utilized to predict
critical flow rates.

[ o L/D < 20, the experimental flow rates are greater than
predicted by the Fauske model. The difference increases for decreasing
L/D ratio.

8. The main discrepancy between the predictions of the Fauske
model and the data for L/D < 20 is believed to be caused by existing non-
equilibrium conditions in the two-phase flow system.
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